MKS3, encoding the transmembrane receptor meckelin, is mutated in Meckel -Gruber syndrome (MKS), an autosomal-recessive ciliopathy. Meckelin localizes to the primary cilium, basal body and elsewhere within the cell. Here, we found that the cytoplasmic domain of meckelin directly interacts with the actin-binding protein filamin A, potentially at the apical cell surface associated with the basal body. Mutations in FLNA, the gene for filamin A, cause periventricular heterotopias. We identified a single consanguineous patient with an MKS-like ciliopathy that presented with both MKS and cerebellar heterotopia, caused by an unusual inframe deletion mutation in the meckelin C-terminus at the region of interaction with filamin A. We modelled this mutation and found it to abrogate the meckelin -filamin A interaction. Furthermore, we found that loss of filamin A by siRNA knockdown, in patient cells, and in tissues from Flna Dilp2 null mouse embryos results in cellular phenotypes identical to those caused by meckelin loss, namely basal body positioning and ciliogenesis defects. In addition, morpholino knockdown of flna in zebrafish embryos significantly increases the frequency of dysmorphology and severity of ciliopathy developmental defects caused by mks3 knockdown. Our results suggest that meckelin forms a functional complex with filamin A that is disrupted in MKS and causes defects in neuronal migration and Wnt signalling. Furthermore, filamin A has a crucial role in the normal processes of ciliogenesis and basal body positioning. Concurrent with these processes, the meckelinfilamin A signalling axis may be a key regulator in maintaining correct, normal levels of Wnt signalling.
INTRODUCTION
Meckel -Gruber syndrome (MKS) is a lethal inherited developmental disorder characterized by a triad of clinical features that are renal cystic dysplasia, hepatic developmental defects and severe neurodevelopmental anomalies including neural tube defects such as occipital encephalocele, anencephaly and exencephaly. MKS is a ciliopathy, caused by mutations in genes encoding proteins that are components of the primary cilium and basal body (1 -4) . MKS is genetically heterogenous and displays marked pleiotropy, in that mutations in most of the eight recently identified genes (MKS1, MKS2/TMEM216, MKS3/ TMEM67, CEP290, RPGRIP1L, CC2D2A, NPHP3, TCTN2) cause a range of phenotypes (1 -11) . MKS3/TMEM67 is a gene mutated in patients with either MKS or the related ciliopathy, Joubert syndrome, and encodes meckelin (transmembrane protein 67). Meckelin is a 995 amino-acid transmembrane protein with structural similarity to Frizzled receptors (3, 12) . * To whom correspondence should be addressed at: Department of Ophthalmology and Neurosciences, Leeds Institute of Molecular Medicine, Wellcome Trust Brenner Building, St. James's University Hospital, Leeds LS9 7TF, UK. Tel: +44 113 343 8443; Fax: +44 113 343 8603; Email: c.johnson@leeds.ac.uk Meckelin consists of an extracellular N-terminal domain, three to seven predicted transmembrane regions, and an intracellular C-terminal region containing a coiled-coil domain (3) (Fig. 1A and Supplementary Material, Fig. S1A ). Although meckelin localizes to the membrane of the primary cilium and the ciliary transition zone (13) , it also has a non-ciliary distribution ( Fig. 1B and Supplementary Material, Fig. S2C ). Early in ciliogenesis, non-ciliary meckelin interacts directly with the actin-binding forms of nesprin-2 and can be associated with actin-based projections such as filopodia and microspikes (14) . Meckelin also interacts with MKS1 and TMEM216, both also mutated in MKS. Notably, meckelin, nesprin 2, MKS1 and TMEM216 are all required for centrosome migration to the apical cell surface during ciliogenesis, a crucial step leading to the subsequent formation of the primary cilium (4, 6, 14, 15) .
Filamin A (ABP280, actin-binding protein 280, or filamin 1; Fig. 1C ) is an actin-binding protein that belongs to the filamin family, which includes filamins B and C. Filamins are large, multifunctional cytoplasmic proteins which mediate positioning of the actin cytoskeleton (16, 17) . Mutations in FLNA, the gene encoding filamin A, cause several human X-linked disorders (18) (19) (20) . Loss-of-function mutations resulting in abnormal mRNA splicing or early truncation of the protein cause periventricular heterotopia (PVH) (20) , an X-linked disorder with variable presentation in female patients and embryonic lethality in males (21) . Most female patients develop vascular disorders and seizures caused by neuronal cell migration defects during development of the cerebral cortex. This leads to formation of nodules in the ependymal layer of the cerebral ventricles (20) .
In the present study, we demonstrate that the C-terminal cytoplasmic region of meckelin interacts with filamin A. Loss of either filamin A or meckelin, by siRNA knockdown or in immortalized patient fibroblasts, cause similar cellular phenotypes. These include defects in basal body positioning and ciliogenesis, aberrant remodelling of the actin cytoskeleton and deregulation of RhoA activity, and deregulation of canonical Wnt signalling. Basal body positioning and ciliogenesis are also defective in the neuroepithelium during neocortex formation in mouse embryos deficient for filamin A. Furthermore, we confirm in vivo the interaction between filamin A and meckelin by the analysis of morphant phenotypes following morpholino knockdown in zebrafish embryos. To further prove the importance of the meckelin -filamin A axis, we modelled an unusual pathogenic mutation (c.2754_2756delCTT p.I918_ F919del) in the C-terminal region of meckelin that interacted with filamin A. This mutation was identified in a patient with the clinical features of MKS, in addition to focal glial heterotopia in the cerebellum, a highly unusual feature in MKS. We found that this mutation caused abrogation of the meckelin interaction with filamin A, ciliogenesis defects and negative modulation of Wnt signalling.
RESULTS

Filamin A interacts with the meckelin C-terminal domain and localizes to the basal body
We first characterized a rabbit polyclonal anti-meckelin antibody raised against the meckelin C-terminus (Ct Ab; amino Fig. S2A ). Both antibodies demonstrated a strong meckelin localization to the basal body and the peribasal body area (Fig. 1B) (6, 14) . The 'Nt Ab' antibody also demonstrated localization to the proximal regions of the primary cilium consistent with a previously described localization to the transition zone (13) (Fig. 1B; arrow) . The 'Ct Ab' antibody also showed non-ciliary meckelin at the apical cell surface ( Fig. 1B; lower panels) and a vesicle-like pattern at basolateral surfaces and basal surfaces (Supplementary Material, Fig. S2C ). The vesicle-like distribution suggested an association of non-ciliary meckelin with elements of the actin cytoskeleton (Supplementary Material, Fig. S2C ) and implied diverse roles for meckelin at the primary cilium and throughout the cell.
To identify proteins that interact with meckelin, the C-terminal region of meckelin (amino acids D761 -Y925, containing the coiled-coil motif) was used as a bait fragment in a GAL4 fusion construct for a yeast-2-hybrid (Y2H) screen against preys in a human foetal brain cDNA library (see Ref.
14 for more details of Y2H). Filamin A (amino acids T2171-K2339; Fig. 1C and Supplementary Material, Fig. S1B ) was identified as a potential interacting partner. Filamin A has two hinge regions: one between filamin A repeats 15 and 16 and the second between repeats 23 and 24, with a dimerization domain at repeat 24 (Fig. 1C) . The meckelin-interacting domain was between the first hinge and dimerization domain of filamin A (FLNA repeats 20 -22) . This region of filamin A binds to several ligands implicated in actin remodelling (17, (22) (23) (24) .
To confirm that meckelin interacts with filamin A, immunoprecipitations (IPs) were performed on whole-cell extracts (WCEs) from confluent ciliated HEK293 cells. IP with affinity-purified anti-meckelin Ct ('Ct Ab') antibody, followed by immunoblotting with an anti-filamin A monoclonal antibody (MAb), indicated an interaction between endogenous meckelin and filamin A (Fig. 1D) . Furthermore, we also detected an interaction between the basal body protein MKS1 and filamin A (Fig. 1D) , a finding consistent with an interaction of MKS1 (2) with meckelin (6), suggesting an MKS protein -filamin A complex. Meckelin Ct (amino acids E756 -I995) was also sub-cloned and bacterially expressed as a GST fusion protein. GST pull-down experiments were performed using GST-meckelin-Ct and GST alone on WCEs, followed by immunoblotting with an anti-filamin A antibody. This also demonstrated a biochemical interaction between endogenous filamin A and meckelin Ct, confirming the Y2H screen results (Fig. 1D) .
Filamin A co-localized with MKS1 at the apical cell surface in polarized confluent IMCD3 cells (Fig. 1E ). The pattern of filamin A was consistent with a basal body/transition zone localization as demonstrated for both meckelin (Fig. 1B ) and MKS1 (6) . In the main cell body, we also demonstrated a localization of non-ciliary meckelin with filamin A at the basolateral cell surfaces consistent with an association of meckelin with the actin cytoskeleton (Supplementary Material, Fig. S2C ).
The filamins are a family of actin-binding proteins, so we next analysed the effect of meckelin loss on the actin cytoskeleton. We silenced Mks3 expression using siRNA duplexes, Figure 1 . Meckelin localizes to the primary cilium and basal body and interacts with filamin. (A) Domain structure of meckelin showing the locations of predicted signal peptide, cysteine-rich repeat region, a region containing potential three to seven transmembrane domains (TM) and a coiled-coil domain. Indicated are the locations of epitopes for two anti-meckelin antibodies ('Nt Ab' and 'Ct Ab'), the C-terminal region used for a Y2H bait fragment and a meckelin Ct-GFP construct, and the pathogenic MKS in-frame deletion mutation p.919delF (red). Numbering indicates the amino-acid residue. (B) Upper panels: Co-immunostaining and confocal microscopy of a ciliated mouse IMCD3 epithelial cell for meckelin (using the Nt Ab; green in merged image) and acetylated (Ac)-a-tubulin antibody (red) showing co-localization of meckelin isoforms at the cilium. A confocal x -y projection (planar projn.) and x-z-side projection are shown. Enlarged insets (white frames) show detail of localization at the proximal region of the cilium (arrow) and the basal body (barbed arrow). Nuclear localization of 4 ′ ,6-diamidino-2-phenylindole (DAPI) is shown in blue. Scale bar, 5 mm. Lower panels: 1 mm confocal section of the apical cell surface following co-immunostaining for meckelin Ct (green) and g-tubulin (red). At the apical surface, meckelin had a punctate distribution and strong peribasal body accumulation. Scale bar, 5 mm. which we validated to cause loss of protein expression (Supplementary Material, Fig. S2D ) (6, 14) . Next, we determined the subcellular distribution and integrity of the actin cytoskeleton. In negative control scrambled siRNA-transfected cells, the actin cytoskeletal network was intact, but in Mks3-silenced cells, basal and basolateral actin was lost alongside extensive disruption of cell -cell contacts (Supplementary Material, Fig. S2E and F) . Ciliogenesis was also disrupted, as expected from our previous studies (6, 14) alongside disruption of the actin cytoskeleton (Supplementary Material, Fig. S2F ). This suggested that anchoring of actin at the cell cortex during ciliogenesis could be mediated by meckelin, specifically at the basal and basolateral cell surfaces where actin is crucial in maintaining cell -cell contacts.
A pathogenic MKS3 mutation disrupts the meckelin -filamin A interaction, leads to loss of cilia formation and reduces RhoA activity Khaddour et al. (25) identified that most MKS3 mutations are in exons 1 -18 (n ¼ 11/12) and are not in the intracellular C-terminal domain of meckelin that interacted with filamin A. We identified an unusual homozygous pathogenic deletion mutation in MKS3, c.2754_2756delCTT p.I918_F919del (919delF) (K. Szymanska and C.A. Johnson, personal communication), predicted to result in the in-frame deletion of phenylalanine residue F919 in the cytoplasmic (C-terminal) region of meckelin that interacts with filamin A (Fig. 1A and Supplementary Material, Fig. S1A ). This mutation was identified in a patient with an MKS-like ciliopathy with occipital encephalocele, hydrocephalus, cystic kidneys and ductal plate malformation in the liver. The hydrocephaly was distinguished by moderate dilatation of the left and right lateral ventricles and fourth ventricle. However, in addition to the MKS clinical features, this patient also presented with focal glial heterotopias of the cerebellum, which are an unusual association with MKS. Since FLNA mutation can lead to periventricular heteroptopia, a defect of neuronal migration, we modelled the MKS3 919delF mutation to determine the functional consequences of this mutation.
First, we assessed the effect of the MKS3 919delF mutation on cilia formation and transfected fibroblasts which lacked meckelin expression (14) with an empty HA vector, or vectors encoding either full-length HA-wild-type meckelin or HA-919delF mutant meckelin ( Fig. 2A ). When transfected with the empty vector, 10% of cells were ciliated, but when transfected with wild-type meckelin 29% of cells were ciliated (P , 0.01) demonstrating a partial rescue of the ciliopathy phenotype. However, when transfected with 919delF mutant meckelin, this rescue did not occur and only 8% of cells were ciliated ( Fig. 2A and B) . This confirmed that the MKS3 919delF mutation causes a defect in ciliogenesis.
We then performed IPs from transfected WCEs with affinity-purified anti-meckelin 'Ct Ab' antibody to pull down endogenous and transfected meckelin. In cells transfected with wild-type meckelin, we confirmed the meckelinfilamin A interaction (Fig. 2C) . However, in cells transfected with mutant F918del HA-meckelin, the meckelin -filamin A interaction was lost (Fig. 2C) . In parallel experiments, two different anti-HA antibodies (either a rabbit polyclonal or a mouse monoclonal) were used to pull down transfected epitope-tagged meckelin. These co-immunoprecipitated endogenous filamin A with wild-type meckelin, but this interaction was diminished with the mutant F919del HA-meckelin (Fig. 2C) .
We have shown previously that loss of expression of two MKS genes, MKS3/TMEM67 and MKS2/TMEM216 (by either pathogenic mutations or RNAi), causes hyperactivation and mislocalization of RhoA (4, 14) . RhoA is a member of the small GTPase family implicated in many signalling processes (26) . Therefore, we next analysed the 919delF mutation in the context of RhoA activity. Over-expression of wild-type HA-meckelin in IMCD3 cells had no effect on RhoA activation as measured in a pull-down assay, but mutant F919del HA-meckelin, which negates the meckelin -filamin A interaction ( Fig. 2C) , abolished almost all activation of RhoA (Fig. 2D) . Thus, our results from Y2H, GST pull-down and IP demonstrated a direct biochemical interaction between the intracellular C-terminal region of meckelin (meckelin Ct) and filamin A which is lost when MKS3 has a mutation in the interacting domain.
Filamin A mediates migration of the centrosome to the apical cell surface during ciliogenesis
We have previously shown that siRNA-mediated loss of meckelin prevented the correct migration of the centrosome to the apical cell surface and subsequent ciliogenesis (6, 14) . We therefore asked whether filamin A is also required for the correct positioning of the basal body during ciliogenesis.
In immortalized dermal fibroblasts taken from a female patient with PVH caused by a heterozygous FLNA frameshift mutation, c.1587delG p.K529fs, we immunostained with antifilamin A antibodies and confirmed the loss of filamin A expression. FLNA is on chromosome Xq28, so cells displayed an apparent mosaic pattern due to random X-chromosome inactivation (Fig. 3A, Supplementary Material, Fig. S3A ). We then correlated filamin A expression with the presence of primary cilia, alteration in the distribution of meckelin and defects in basal body position. We confirmed that filamin A loss impaired but did not completely prevent ciliogenesis (Fig. 3B) .
The distribution of non-ciliary meckelin Ct was largely undisrupted in PVH cells (Fig. 3A) . However, analysis of basal body positioning showed that in filamin A null cells, the basal body was retained in the mid-portion of the cell, compared with a predominantly apical location in filamin A-positive cells ( We next silenced Flna expression using siRNA duplexes, validated loss of protein expression (Supplementary Material, Fig. S3B ) and determined the presence of the primary cilium and basal body position in IMCD3 cells (+72 h after confluency). In negative control scrambled siRNA-transfected cells, the proportion of ciliated cells and basal body position were at expected levels, but in Flna-silenced cells, ciliogenesis was impaired and basal body positioning was disrupted Human Molecular Genetics, 2012, Vol. 21, No. 6 1275 ( Fig. 3D and E). In summary, our findings demonstrated that filamin A is necessary for optimal cilia formation and for correct positioning of the basal body in patient-derived fibroblasts and IMCD3 cells. This suggests that some of the features of PVH caused by FLNA mutation may be due to impaired ciliogenesis. The filamins have overlapping functions (19, 24, 27) and we observed that the distribution of filamin B was unaffected in filamin A null PVH fibroblasts (Supplementary Material, Fig. S3A ). Therefore, we next looked for an association of filamin B with the basal body or cilium. In polarized ciliated IMCD3 cells, we immunostained with an anti-MKS1 antibody, to mark the position of the basal body, and an anti-filamin B antibody. We identified a localization of filamin B to either the basal body or proximal regions of the cilium (Supplementary Material, Fig. S3C ) which indicted a potential role for other filamins in ciliogenesis.
Functional consequences of MKS3 mutation or FLNA mutation in patients' cells Perturbation of canonical Wnt signalling is implicated in the pathogenesis of ciliopathies (28, 29) . Therefore, to assess functional consequences of cilia loss due to FLNA or MKS3 mutation, we tested whether Wnt activity was deregulated in appropriate patient-derived fibroblasts. Upon stimulation Wnt signalling pathway, had no effect on activation, but, as expected, suppressed the activation by Wnt3A (Fig. 4A) . Co-expression of wild-type HA-meckelin inhibited canonical Wnt signalling and partially rescued the aberrant response to Wnt3A by the MKS3-mutated cells. Mutant F919del HA-meckelin had a further inhibitory effect on canonical Wnt signalling, suggesting a possible gain-of-function effect for the F919del mutation. Co-expression of full-length filamin A alone also had a inhibitory effect on the aberrant canonical Wnt signalling in MKS3 fibroblasts, suggesting that it could mediate the correct response of meckelin during Wnt signalling.
PVH FLNA-mutated fibroblasts also had mild perturbation of canonical Wnt signalling in response to activation by Wnt3A, which was partially rescued by co-expressed filamin A (Fig. 4B) . Mutant F919del HA-meckelin also had an inhibitory effect on the aberrant canonical Wnt signalling in PVH fibroblasts, again suggesting that the F919del mutation has a gain-of-function effect. These responses are consistent with the primary cilium mediating correct Wnt signalling and suggest that Wnt signalling may be deregulated in ciliopathies. Fig. S5A ). Direct sequencing (data not shown) and reverse transcription -polymerase chain reaction (RT-PCR) confirmed that the morpholino caused a splicing defect with inclusion of intronic sequence following exon 3 in the mRNA (Supplementary Material, Fig. S5B ) and subsequent loss of reading frame and probable protein truncation. The mks3 morphant phenotypes closely reiterated those of human MKS, including both mild and severe proximal and distal notochord anomalies, which can extend through the myotome layer and fin to the surface, a feature suggestive of a meningocele and encephalocele ( Fig. S5J ). The mks3 morphant phenotype could be rescued by co-microinjection of capped mRNA for human MKS3 with the mks3 morpholino ( Fig. 5B and Supplementary Material, Fig. S5K ). Higher levels of mks3 morpholino caused a dose-dependant effect on mortality at 24 hpf (Supplementary Material, Fig. S5L ).
The closest zebrafish orthologue of mammalian filamin A is 'actin-binding protein 280' (Zfin gene id: ZDB-GENE-041008-175) and for the purposes of convenience, we label the gene flna. To test for possible genetic interaction between mks3 and flna, we first investigated morphants at 72 hpf following flna knockdown. At low doses of morpholino oligonucleotides, we saw pronephric cyst formation (Fig. 5C ) and other development defects of variable severity (Fig. 5D ) including cardiac oedema, hydrocephalus, body axis deformities, in addition to otic placode defects (Supplementary Material, Fig. S6A and B) and eye defects (Supplementary Material, Fig. S6C and D) . Higher doses of flna morpholino oligonucleotides caused a dose-dependant effect on mortality at 24 hpf (Fig. 3E) . Furthermore, the combination of low doses of both mks3 and flna morpholinos produced a statistically significant effect, with increases in both the incidence and severity of developmental defects (severe brain and body axis defects, cardiac oedema, otic placode and eye defects; Fig. 5F and G, Supplementary Material, Fig. S6E ) and increased mortality (Fig. 5H) .
Loss of filamin A expression in Flna
Dilp2 mouse embryos disrupts meckelin distribution, cilia formation and basal body position
We investigated the distribution of meckelin, cilia formation and basal body positioning in the filamin A null mouse strain Flna Dilp2 (30) . The third, fourth and lateral ventricles of male Flna Dilp2 hemizygous mouse embryos at E13.5 were highly dysmorphic, with extensive disruption of the ventricular zone of the developing neocortex, particularly the fourth ventricle which was fused with the aqueduct, and the presence of severe oedema (Fig. 6A) . In addition, severe PVH was observed in the fourth ventricle and also the third ventricle (Fig. 6A) , demonstrating one of the major phenotypes caused by FLNA mutation in humans (20) and confirming the Flna Dilp2 mouse is an appropriate model for this disease. We next immunostained adjacent transverse sections with the anti-meckelin Ct antibody and examined the ciliated neuroepithelial layers of the lateral and third ventricles. At this stage of development, neuroepithelial cells display a single primary cilium. In the wild-type lateral ventricle, meckelin was clearly seen in a distinct layer at the apical cell surface (Fig. 6B) . This is consistent with the apical localization of meckelin seen in IMCD3 cells using higher-resolution confocal microscopy (Fig. 1B) . Furthermore, a discrete, punctuate-basal body-like staining pattern was seen in the third ventricle (Fig. 6B) . However, in the lateral and third ventricles of the Flna Dilp2 mouse, meckelin distribution was disrupted and a diffuse pattern was observed. A weaker localization of meckelin at the apical cell surface was seen in the lateral ventricle. However, at the points where PVH was seen, apical meckelin was completely absent (Fig. 6B) .
As disruption of ciliogenesis had been observed with flna siRNA knockdown and in PVH patient-derived cells with an FLNA mutation (Fig. 3) , we examined the neuroepithelial layer of the third ventricle for the presence of cilia and position of the basal body. Transverse sections were immunostained with antibodies raised against polyglutamylated tubulin, g-tubulin and ZO-1, a tight junction marker, and examined using high-resolution confocal microscopy. In Flna Dilp2 mice, cilia were present, but their length was significantly reduced (Fig. 6C) . Basal body position was also disrupted and basal bodies were positioned aberrantly throughout the neuroepithelial layer, whereas in wild-type embryos basal bodies were positioned in a discrete organized layer in relation to the apical surface (Fig. 6C) .
Furthermore, the basolateral cell surfaces of the neuroepithelial layer appeared thickened and less organized in the Flna Dilp2 mice as demonstrated by the pattern of ZO-1 immunostaining (Fig. 6C) . Cell shape was irregular and the intensity of ZO-1 immunostaining was variable at the cell cortex. This was suggestive of disorganization of tight junctions and disruption of the actin cytoskeleton, consistent with the expected role of filamin A in mediating actin cytoskeletal organization.
DISCUSSION
Cilia formation is initiated when the mother centriole migrates to the apical cell surface where it matures to form the basal body. This then acts as a template for the cilium which forms via a process known as intraflagellar transport (15) . However, for ciliogenesis to occur, the cell must first display polarity to its external environment, a process dependent on actin remodelling (31 -34) . In addition, an intact actin network at the apical cell surface is vital for centriole migration and docking (35) . This indicates that actin-binding proteins have an important role in ciliogenesis and that they may be candidate genes for mutations that result in ciliopathy.
The most severe ciliopathy is MKS, which is caused by mutations in MKS3/TMEM67, the gene encoding meckelin (3) . Meckelin localizes to the cilium, and we have demonstrated previously an interaction with actin-binding isoforms of nesprin-2 (14) . In the present study, we expand the repertoire of actin-binding proteins associated with ciliogenesis and identify a direct interaction of meckelin with filamin A. The filamins are key organizers of the actin cytoskeleton, at the cilium and elsewhere (Fig. 1E and Supplementary  Material, Fig. S3E ). Our previous work suggested that incorrect remodelling of the actin cytoskeleton is an important pathogenic mechanism for MKS (4, 14) and, in the present study, mutation or loss of meckelin expression also led to aberrant actin remodelling. More importantly, we have identified filamins A and B at the basal body and the proximal regions of the cilium where both meckelin and MKS1 co-localize ( Fig. 1E and Supplementary Material, Fig. S3C ) (6) , suggesting a role for the filamins at the cilium and the apical cell surface during ciliogenesis.
Actin enrichment at the apical cell surface is necessary for basal body docking (35) , and a role for actin-binding proteins during ciliogenesis is supported by a recent reverse genetics siRNA-based screen for modulators of ciliogenesis, which suggested that proteins that regulate actin organization have an the essential role (36) . Our studies support this hypothesis and suggest that integrity of the actin cytoskeleton is essential for the correct migration of the centrosome to the apical cell surface prior to ciliogenesis. Knockdown of filamin A expression caused a failure in ciliogenesis and aberrant migration of the centriole pair to the apical cell surface (Fig. 3D and E) . Consistent with this observation, PVH fibroblasts with an FLNA null mutation also had ciliogenesis and basal body positioning defects (Fig. 3A-C) . Finally, hemizygous male mouse embryos for the Flna Dilp2 mutation (a null mutation of Flna) had both basal body positioning defects and significantly impaired ciliogenesis of neuroepithelial cells in this layer of the neocortex (Fig. 6C and D) , because at this stage of development the neuroepithelial cells have a single primary cilium. We therefore speculate that an in vivo meckelin -filamin A-actin axis may be essential in mediating basal body migration and docking at the apical cell surface.
The majority of pathogenic mutations in MKS3 occur in the exons encoding the N-terminal extracellular domain of meckelin (25) and are predicted to be loss of function. In contrast, very few have been noted in the intracellular C-terminal region that interacts with filamin A. We identified an MKS3 mutation that leads to an in-frame deletion within the C-terminal region of meckelin that interacts with filamin A. Interestingly, the patient in which this mutation was identified had focal glial heterotopias of the cerebellum in addition to the usual clinical features of MKS. Neither glial nor neuronal heterotopia is a common feature of MKS, although an association of nodular heterotopia and encephalocele has been noted previously (37) . However, subependymal PVHs and other diverse neuronal migration defects are commonly caused by loss-of-function mutations in FLNA, the gene encoding filamin A. We therefore suggest that the manifestation of heterotopia in an MKS-like ciliopathy, and the subsequent in vitro analyses of the MKS3 919delF mutation, supports our hypothesis that disruption of the meckelin -filamin A interaction can contribute to the ciliopathy phenotype.
To further substantiate the existence of a meckelin -filamin A interaction, we investigated the morphant phenotypes of zebrafish embryos following concurrent knockdown of meckelin and filamin A orthologues using morpholino oligonucleotides. Knockdown of mks3, the zebrafish orthologue of human MKS3, causes typical ciliopathy developmental defects that include dorsal body axis curvature, renal cysts and otic vesicle anomalies. In keeping with the human MKS phenotype, we observe notochord defects including dorsal extension of the notochord beyond its normal boundary (akin to a meningocele) in mks3 knockout fish. Therefore, morphant phenotypes closely reiterated the human MKS phenotypes (Fig. 5 , Supplementary Material, Figs S5 and S6) and matched the typical pronephric cysts, hydrocephalus and notochord abnormalities typical of perturbed non-canonical (PCP) Wnt signalling defects seen in previous zebrafish models of severe ciliopathies (4, 28) . PCP mediates many aspects of actindependent polarized cell behaviour, including ciliogenesis (31, 38, 39) . Following concurrent knockdown of meckelin and filamin A orthologues in zebrafish, there was a significant increase in the frequency of dysmorphology and severity of the ciliopathy phenotype. This suggests a possible synergistic effect, as there are increases in the severity of all defects previously found in the mks3 morphant phenotypes and an overall increase in embryonic lethality (Fig. 5F-H) .
When we modelled the MKS3 F919del mutation, the interaction between meckelin and filamin A was lost (Fig. 2C) . Further analysis demonstrated this mutation led to defects in ciliogenesis ( Fig. 2A and B) and inhibitory effects on normal basal levels of both RhoA activity (Fig. 2D ) and canonical Wnt signalling (Fig. 4A) . These effects on Wnt signalling could either be direct or indirect through another cellular site or process, but a similar inhibition was also seen following over-expression of filamin A (Fig. 4B) . This would suggest that the meckelin -filamin A axis is an important positive modulator of Wnt signalling. However, in contrast, we have shown previously an MKS3 loss-of-function mutation in the extracellular meckelin domain cause RhoA hyperactivation and morphological defects in cell -cell contacts and the actin cytoskeleton (14) , which are reiterated following Mks3 siRNA knockdown (Supplementary Material, Fig. S2E and F). We therefore suggest that loss-of-function mutations in the meckelin N-terminus would cause deregulation of both RhoA and canonical Wnt signalling, with meckelin acting as a negative modulator of these signalling pathways. In contrast, a mutation in the meckelin C-terminus that abolishes the interaction with filamin A will disrupt a positive modulatory effect on these pathways that is mediated by the meckelin -filamin A axis. In support of this model, filamin A has been shown to * * * * P , 0.0001, Student's t-test. Lower graph: quantifying basal body position relative to the apical cell surface (marked by ZO-1 immunostaining) in neuroepithelial cells of the lateral ventricles of a male embryo hemizygous for the Flna
Dilp2
, and male wild-type controls. Basal body position was between 21 and 11 mm in wild-type controls and between 25 and +21 mm in Flna Dilp2 mutated cells. * * * P , 0.001, Student's t-test. (27) . However, irrespective of whether a meckelin mutation causes Wnt signalling to be deregulated or 'overregulated', the phenotypic consequence is still the development of the ciliopathy disease state, which is a model supported by previous findings for the pathogenesis of cystic kidney disease (29) . Our findings imply that the meckelinfilamin A signalling axis is a key regulator in maintaining correct, normal levels of Wnt signalling. In summary, this is the first evidence that a pathogenic MKS mutation has a direct biochemical and functional consequence on cell morphology and on Wnt signalling. Our results suggest that meckelin forms a functional complex with filamin A. We speculate that the loss of this interaction through mutation of the meckelin intracellular C-terminus can have similar phenotypic consequences as loss-of-function mutations in filamin A. Furthermore, we suggest that the meckelin -filamin A interaction is essential for the correct migration of the centrosome and the formation of a basal body at the apical cell surface. Our previous work has suggested that the latter process is the key pathogenic event in MKS (6, 14) and that deregulation of both RhoA and Wnt signalling occur concurrently with these events (4, 14) . These pathogenic mechanisms warrant further investigation, because their contribution to the phenotypes of PVH and ciliopathy disease may inform better clinical management of patients and suggest novel therapeutic interventions in the future. However, key questions that remain unanswered is whether the deregulation of Wnt signalling pathways in MKS and other ciliopathies is a direct consequence of ciliogenesis defects, and what role the normal intact cilium has on their regulation. 
MATERIALS AND METHODS
Informed consent for use of patients in research
Y2H assays
The C-terminus intracellular domain of human MKS3 (meckelin Ct, encoding meckelin amino acids D761 -Y925; see Fig. 1A and Supplementary Material, Fig. S1A ) was cloned into the lexA vector pB27 and screened against a human foetal brain RP1 prey cDNA library. Y2H screens were performed by Hybrigenics SA, Paris, France, as previously described (12, 40) .
Cloning
Full-length human MKS3 was cloned into the pCMV-HA vector as described previously (6) . The meckelin Ct region, encoding amino acids D761 -Y925, was sub-cloned into an enhanced green fluorescent protein-containing vector (pJA1). Mutations were introduced using the QuickChange mutagenesis kit (Stratagene, Stockport, UK). The pGEX6P-1-GST-meckelin Ct construct (encoding amino acids E756 -I995) has been described previously (14) . MKS3 open reading frame was also cloned into the pCS2+ vector in order to make RNA for injection into zebrafish embryos. Full-length human FLNA was cloned into the pCMV-c myc vector as described previously (27) .
Cells
Mouse inner medullary collecting duct (IMCD3) and human embryonic kidney (HEK293) cells were grown in Dulbecco's minimum essential medium/Ham's F12 supplemented with 10% foetal calf serum at 378C/5% CO 2 . The derivation and culture of Dilp2 mouse embryonic fibroblasts has been described previously (31) . Fibroblasts from a normal undiseased control, an MKS patient and a female patient with PVH were immortalized following transduction with an amphotropic retrovirus encoding the hTERT catalytic subunit of human telomerase, and maintained in fibroblast growth medium (Genlantis, Inc., San Diego, CA, USA) supplemented with 0.2 mg/ml geneticin. Patient 186, a compound heterozygote for the MKS3 mutations (c.623G.T) + (c.755T.C) causing the predicted nonsense and missense mutations (p.R208X) + (p.M252T) has been described previously (14) . The female PVH patient had a family history of seizures and carried a heterozygous FLNA mutation c.1587delG, causing the frameshift p.K526fs in filamin A. For the analysis of centrosome positioning and cell migration assays, cells were grown on Transwell permeable supports (Corning, Inc., Amsterdam, The Netherlands).
Antibodies
The following primary antibodies were used: mouse anti-HA clone HA-7, mouse anti-c myc clone 9E10, mouse anti-acetylated-a-tubulin clone 6-11B-1., rabbit anti-HA (Sigma-Aldrich Co. Ltd., Dorset, UK); mouse antipolyglutamylated tubulin clone GT-335 (Enzo Life Sciences Ltd., Exeter, UK); rabbit anti-GFP ('Living Colors A.v. Peptide Antibody', Clontech, Inc., CA, USA); rabbit antifilamin A, rabbit-anti-g-tubulin, mouse anti-b actin clone AC-15 (Abcam Ltd., Cambridge, UK); mouse anti-filamin A clone 4E10-1B2, rabbit anti-filamin B (Abnova Corp., Taipei City, Taiwan); mouse anti-ZO-1, mouse anti-myosin IIB (clones R26.4C and CMII 23, Developmental Studies Hybridoma Bank, University of Iowa, USA); mouse anti-RhoA (Cytoskeleton, Inc., Denver, CO, USA). Rabbit anti-MKS1 and rabbit anti-meckelin C-terminus (meckelin Ct, 'Ct Ab' in Fig. 1A) , raised against amino acids 982-995, have been described previously (6) . Rabbit anti-meckelin N-terminus (Meckelin Nt, 'Nt Ab'), raised against amino acids 90-103, has also been described (12) . Secondary antibodies were Alexa-Fluor 488-, Alexa-Fluor 594-and Alexa-Fluor 568-conjugated goat anti-mouse IgG and goat anti-rabbit 
Immunoprecipitation, WCE preparation and western blotting
Rabbit antisera were precipitated with 50% (w/v) ammonium sulphate pH 7 and affinity-purified as described previously (41) . Co-IP was performed essentially as described previously (41) . WCEs containing total soluble proteins were prepared from confluent untransfected HEK293 cells, or IMCD3 cells that had been transiently transfected with 1 mg plasmid constructs in 90 mm tissue culture dishes, or scaled down as appropriate. WCE supernatants were processed for IP experiments by using 5 mg affinity-purified mouse MAbs, or 5-10 mg purified IgG fractions from rabbit polyclonal antisera, coupled to protein G-and/or protein A-sepharose beads (GE Healthcare UK Ltd).
Immunoprecipitates or 10 mg WCE total soluble protein was analysed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (using 4 -12% acrylamide gradient gels) and western blotting according to standard protocols using either rabbit polyclonal antisera (final dilutions of ×200 -1000) or MAbs (×1000 -5000). Appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies (Dako Ltd., Ely, UK) were used (final dilutions of ×10 000-25 000) for detection by the enhanced chemiluminescence 'Femto West' western blotting detection system (Thermo Fisher Scientific Ltd., Cramlington, UK)
GST pull-down and RhoA activation assays GST fusion protein GST-meckelin Ct (encoding amino acids 756-986) was purified and used for GST pull-down assays as described previously (14) . The activated GTP-bound isoform of RhoA was specifically assayed in pull-down assays using a GST fusion protein of the Rho effector rhotekin (Cytoskeleton, Inc.), using conditions recommended by the manufacturers. WCEs were processed as rapidly as possible at 48C, and snap-frozen in liquid nitrogen. Total RhoA (in WCEs) and pull-down protein were immunodetected on western blots using a proprietary anti-RhoA MAb (Cytoskeleton, Inc.). Immunoblotting for total RhoA and b-actin was used as loading controls.
Canonical Wnt activity (Topflash) luciferase assays
For luciferase assays of canonical Wnt activity, we grew fibroblasts in 12-well plates and co-transfected with 0.5 mg of Topflash firefly luciferase construct (or Fopflash, as a negative control), 0.5 mg of expression constructs (pCMV HA-meckelin, pCMV c myc-filamin A or empty pCMV-HA/ pCMV c myc vector) and 0.1 mg of pRL-TK (Promega Corp., WI, USA; Renilla luciferase construct used as an internal control reporter). Cells were treated with Wnt3a-or Wnt5A-conditioned media to stimulate or inhibit the canonical Wnt pathway. We obtained Wnt3A-or Wnt5A-conditioned media from stably transfected L cells with Wnt3A or Wnt5A expression vectors and used as described (42) . Control media was from untransfected L cells. Activities from firefly and Renilla luciferases were assayed with the Dual-Luciferase Reporter Assay system (Promega Corp.) on a Mithras LB940 (GmbH & Co. KG, Bad Wildbad, Germany) fluorimeter. Minimal responses were noted with co-expression of the Fopflash negative control reporter construct (Supplementary Material, Fig. S10B ). Raw readings were normalized with Renilla luciferase values. Results reported are from at least four independent biological replicates.
Transfection and siRNA
For transfection with plasmids, cells at 80% confluency were transfected using Fugene 6 (Roche Products Ltd., Welwyn Garden City, UK) according to the manufacturer's instructions and as described previously (14) . For RNAi knock-down, siRNA duplexes were designed against mouse Flna sequence using Dharmacon's custom SMARTpool siRNA service (Thermo Fisher Scientific Ltd.). Antisense sequences were as follows. Flna: duplex 1, 5
′ -CAGAGUAACAGGUGACGAU; duplex 2, 5 ′ -GCUCAGAGGUAGACGUGGA. Mks3 siRNA duplexes have been described previously (12) . The medium or low-GC non-targeting scrambled siRNA duplexes (Invitrogen) were used as negative controls. siRNAs were pooled, and 100 pmol of each pool was transfected into IMCD-3 cells at 60-80% confluency using Lipofectamine RNAiMax (Life Technologies) and as described previously (4).
Immunohistochemistry
Mouse embryos (embryonic age E13) were fixed in 4% (w/v) paraformaldehyde and embedded in paraffin. Thin sections (4 mm) were cut into slides, deparaffinized and rehydrated using standard methods. Epitope recovery was obtained through boiling in 1 mM ethylenediaminetetraacetic acid, pH 8.0, for 15 min followed by 30 min cooling. Blocking and application of primary antibodies was as described (6) . Appropriate HRP-conjugated secondary antibodies (Dako, Inc.) were used (final dilutions of ×10 000-25 000). Sections were developed in 'Sigma Fast ' 3,3 ′ -diaminobenzidine with CoCl 2 enhancer and counterstained with Mayer's haematoxylin (Sigma-Aldrich Co. Ltd).
Immunofluorescence/confocal microscopy and measurement of cilia length Cells were seeded at 20 × 10 3 cells/well on glass coverslips in 6-well plates and fixed in ice-cold methanol (5 min at 48C) or 2% paraformaldehyde (20 min at room temperature). Permeabilization, blocking methods and immunofluorescence staining were essentially as described previously (4) . Primary antibodies were used at final dilutions of ×200 -1000. Secondary antibodies and phalloidin conjugate were diluted at ×500. Confocal images were obtained using a Nikon Eclipse TE2000-E system, controlled and processed by EZ-C1 3.50 (Nikon UK Ltd., Kingston Upon Thames, UK) software. Images were assembled using Adobe Illustrator CS2. Cilia length was measured in immunostained histological sections using the 'measurement' tool in the EZ-C1 3.50 (Nikon, Inc.) confocal software. Briefly, a z-stack was taken through the histological section, and a three-dimensional image rendered using the 'image render' tool in the confocal software. Cilia length was then measured along the long axis of the cilium.
Zebrafish embryo morphant phenotypes
To knockdown mks3 and/or flna in zebrafish, the following morpholino antisense oligonucleotides (MOs) 5
′ -GTAAAA ATGACAAGCGCCTACCCAG-3 ′ targeting mks3 and 5-CC GATTCACCTGAGAGAGGAGAGAC-3 ′ targeting flna (Gene Tools, Inc., Philomath, OR, USA) were microinjected into one -two-cell stage embryos, collected from pairing of zebrafish stocks (Golden/Claudin-b-GFP). The mRNA encoding full-length human MKS3 was co-injected where indicated. For assessment of morphant phenotypes, live embryos were scored at 24-72 hpf, with 80-100 embryos per injection. If anatomical structures were entirely normal for developmental stage, then they were assigned 'normal'. If there was either a slight variation in morphology suggestive of a developmental delay or a single structural abnormality (e.g. tail defect or slight hydrocephalus), then the phenotype was assigned 'mild'. If the morphant displayed more dysmorphic features together with structural abnormalities, then the phenotype was assigned to be 'moderate' and if the morphant had multiple abnormalities, then it was assigned to be 'severe'. These morphological phenotypes were quantified under bright-field and fluorescence microscopy and based on typical ciliary defects (hydrocephalus, cardiac oedema, notochordal defects and tail defect) or embryonic lethal phenotypes.
